Kaposi's sarcoma-associated herpesvirus (KSHV), or human herpesvirus 8, is a newly identified virus with tumorigenic potential. Here, we cloned and expressed the DNA polymerase (Pol-8) of KSHV and its processivity factor (PF-8). Pol-8 bound specifically to PF-8 in vitro. Moreover, the DNA synthesis activity of Pol-8 was shown in vitro to be strongly dependent on PF-8. Addition of PF-8 to Pol-8 allowed efficient synthesis of fully extended DNA products corresponding to the full-length M13 template (7,249 nucleotides), whereas Pol-8 alone could incorporate only several nucleotides. The specificity of PF-8 and Pol-8 for each other was demonstrated by their inability to be functionally replaced by the DNA polymerases and processivity factors of herpes simplex virus 1 and human herpesvirus 6.
Kaposi's sarcoma-associated herpesvirus (KSHV), or human herpesvirus 8 (HHV-8), is strongly implicated as being critical in the development of Kaposi's sarcoma (6; reviewed in reference 13). In addition, KSHV has been associated with body cavity-based lymphoma (4), multifocal Castleman's disease (27) , and multiple myeloma (23, 26 ; reviewed in references 3, 19 and 20) . KSHV is a gamma-herpesvirus with homology to herpesvirus saimiri (HVS) and Epstein-Barr virus (EBV). Recent sequencing of the 140-kb KSHV genome (25) revealed at least 81 open reading frames (ORFs), including ORF9 and ORF59, which are predicted to encode viral DNA polymerase and processivity factor, respectively. Processivity factors complex with DNA polymerases, allowing them to synthesize extended stretches of DNA without dissociating from the template. Here, we report the cloning and expression of the DNA polymerase (Pol-8) and processivity factor (PF-8) of KSHV and demonstrate in vitro that they physically associate and, together, are required for processive DNA synthesis.
Two genomic DNA clones of KSHV (28) , GB11 (containing ORF9) and GB21 (containing ORF59), were used to clone Pol-8 and PF-8, respectively. As depicted in Fig. 1A , the 3,038-bp Pol-8 gene was amplified from GB11 by PCR with two primers, N-Pol (5Ј-ATTACCATGGATTTTTTCAATCC ATTTA-3Ј), creating a NcoI site flanking the 5Ј end, and C-Pol (5Ј-ATAAGAGCTCTAGGGCGTGGGAAAAG-3Ј), creating a SacI site flanking the 3Ј end of the Pol-8 coding region. The 1,190-bp PF-8 gene was amplified from GB21 by PCR with two primers, N-PF (5Ј-TATTCCATGGTAATGCCTGTGGA TTTTCACT-3Ј), creating a NcoI site flanking the 5Ј end, and C-PF (5Ј-TATAGAGCTCAAATCAGGGGGTTAAATG-3Ј), creating a SacI site flanking the 3Ј end of the PF-8 coding region. Both of the genes were cloned into the NcoI and SacI sites of the pTM1 expression vector, and their ORFs were confirmed by DNA sequencing. Proteins were synthesized in vitro with the Promega T7-TNT coupled reticulocyte lysate system. As shown in Fig. 1B , a protein of approximately 114 kDa corresponding to the predicted 1,012-amino-acid ORF of Pol-8 was synthesized from pTM1-Pol-8 (lane 1), and a protein of approximately 50 kDa corresponding to the predicted 396-amino-acid ORF of PF-8 was synthesized from pTM1-PF-8 (lane 2).
The structure and mechanism of herpesvirus processivity factors remain largely uncharacterized. The amino acid sequence of PF-8 ( Fig. 2 , middle line) revealed no common structural or functional motifs, except for the presence of a number of potential phosphorylation sites (data not shown). Compared to the amino acid sequences of all known herpesvirus processivity factors, PF-8 displays the greatest homology to ORF59 (31.5% identity) of HVS (2) and to BMRF1 (28.5% identity) of EBV (7, 17, 22, 29) . It is noted that KSHV, EBV, and HVS are all gamma-herpesviruses. Compared to the processivity factors of other human herpesviruses, PF-8 exhibits an amino acid sequence identity of 21.8% to UL42 of herpes simplex virus type 1 (HSV-1) (12, 14, 15) ; 20.4% to ICP36 of human cytomegalovirus (11, 30) ; 19.3% to p41 of HHV-6 (1, 5); 17.4% to gene 16 product of varicella-zoster virus (8); and 17.3% to U27 of HHV-7 (21) . When the amino acid sequences of PF-8, HVS ORF59, and EBV BMRF1 were analyzed with the ClustalW 1.7 multiple sequence alignment program (Fig.  3) , there was an identity of 16.7% among all three sequences. No specific homologous domain is apparent; rather, conserved amino acids are distributed almost evenly throughout the entire sequences of these processivity factors. Interestingly, some of these conserved amino acids are basic residues ( To investigate whether the interaction between Pol-8 and PF-8 is functionally significant, the DNA synthesis activity of Pol-8 in the absence or presence of PF-8 was determined by an in vitro DNA synthesis assay with primed M13 single-stranded DNA (ssDNA) as the template. The primed template was prepared by annealing M13 universal sequencing primer to M13mp18(ϩ) ssDNA (Pharmacia) in the presence of 100 mM NaCl-1 mM EDTA-50 mM Tris-Cl (pH 7.6). Excess primer was removed by filtration through a Centricon-100 spin filter (Amicon). For the DNA synthesis assay (9), 2 l (unless indicated otherwise) of each in vitro-translated protein was included in a 25-l reaction mixture containing 100 mM (NH 4 ) 2 SO 4 ; 20 mM Tris-Cl (pH 7.5); 3 mM MgCl 2 ; 0.1 mM EDTA; 0.5 mM dithiothreitol; 4% glycerol; 40 g of bovine serum albumin per ml; 60 M (each) dATP, dGTP, and dTTP; 10 M [␣-32 P]dCTP (3,000 Ci/mmol; NEN); and 25 fmol of primed M13 ssDNA template. After incubation for 1 h (unless indicated otherwise) at 37°C, the reactions were terminated by incubating the reaction mixtures at 37°C for 1 h with 50 l of 1% SDS-10 mM EDTA-10 mM Tris-Cl (pH 8)-200 g of proteinase K per ml, followed by phenol-chloroform extraction. The reactions were analyzed either for polymerase activity, by measuring incorporation of deoxynucleoside triphosphates (dNTPs) into the DNA products, or for processivity, by measuring the length of newly synthesized DNA strands.
To determine the incorporation of [␣-32 P]dCTP into synthesized DNA, 5 l of each reaction mixture was precipitated on ice for 10 min with 50 l of 5% trichloroacetic acid (TCA)-20 mM sodium pyrophosphate and then captured on a Whatman RF/A glass fiber filter. The filter was washed extensively with 5% TCA-20 mM sodium pyrophosphate, rinsed with 70% ethanol, dried, and counted in a Beckman LS2800 liquid scintillator. The nucleotide incorporation activities of Pol-8 in the absence and in the presence of PF-8 were compared (Fig. 4) . While no DNA synthesis activity could be detected with Pol-8 alone or PF-8 alone, significant nucleotide incorporation was achieved upon addition of PF-8 to Pol-8. These results suggest that DNA synthesis activity of Pol-8 strongly depends on the presence of To analyze the processivity of DNA synthesis, the length of the DNA products from the DNA synthesis assay was determined. The DNA products were ethanol precipitated in the presence of 1 M ammonium acetate, resuspended in 50 l of gel loading buffer (50 mM NaOH, 2.5 mM EDTA, 25% glycerol, 0.025% bromocresol green), and then fractionated on a 1.3% alkaline agarose gel. The gel was dried and examined by autoradiography. As shown in Fig. 5 , no products were discernible with Pol-8 alone or PF-8 alone (lanes 4 and 5), whereas addition of PF-8 to Pol-8 resulted in processive DNA synthesis of fully extended M13 product (7,249 nucleotides) (lanes 6 to 11). The minor products of less than 100 nucleotides may arise from obstructed DNA synthesis due to the secondary structure of M13 ssDNA. As expected for an enzymatic synthesis, increasing either the concentrations of Pol-8 and PF-8 (lanes 9 to 11) or the reaction time (lanes 6 to 8) caused an increase in the level of DNA products. These results suggest that the ability of PF-8 to engage Pol-8 in processive DNA synthesis is extremely efficient. To examine the specificity of Pol-8 and PF-8, these KSHV proteins were tested for their ability to function with HSV-1 DNA polymerase (UL30) and its processivity factor (UL42) in the DNA synthesis assay. As expected (14, 15) , UL30 alone can synthesize only short DNA products (lane 12), whereas addition of UL42 permits synthesis of full-length M13 product (lane 14). However, UL42 was not able to confer processivity on Pol-8 (lane 15), nor was PF-8 able to confer processivity on UL30 (lane 16). Consistent with this finding was the inability of PF-8 and the processivity factor of HHV-6 (p41) to physically or functionally substitute for one another (data not shown). These results suggest that the functional interactions between herpesvirus DNA polymerases and their processivity factors are specific.
It was important to examine to a higher resolution the DNA synthesis activity of Pol-8 alone since this DNA polymerase might incorporate only several nucleotides, which could explain the failure to detect any DNA products with Pol-8 alone on the agarose gel (Fig. 5, lane 4) or by TCA precipitation (Fig.  4) . DNA synthesis assays were performed as described above except that the primer was labeled at the 5Ј end with [␥-32 P]ATP and annealed to M13 ssDNA template, and various combinations of unlabeled dNTPs were used in the reaction. The synthesized DNA products were fractionated on a 15% urea-polyacrylamide gel and examined by autoradiography. The results are presented in Fig. 6 , in which only the bottom of the gel is shown in order to resolve individual nucleotide incorporation extending from the primer. The analysis revealed that Pol-8 alone has significant catalytic activity and displays accuracy of nucleotide incorporation. When each dNTP was individually used in the assay, Pol-8 incorporated only dGTP accurately as the first nucleotide extended from the primer (lanes 3 to 6); when the correct combination of two dNTPs was used, Pol-8 sequentially added the first three expected nucleotides (GCC) (lane 7, compared to lane 8). However, and most importantly, in the presence of all four dNTPs, Pol-8 alone incorporated only the first three nucleotides efficiently (lane 9). While PF-8 alone exhibited no catalytic activity (lane 10), its addition to Pol-8 allowed efficient synthesis of maximum extended products (lanes 11 to 14). It is noted that, in lane 14, full-length DNA product was too large to enter the gel (data not shown). These results demonstrate that, in the absence of PF-8, Pol-8 has significant catalytic activity but very limited processivity.
Pol-8 and PF-8 are the first KSHV replication proteins to be cloned and expressed. PF-8 is required by Pol-8 in order to processively synthesize greatly extended DNA products (Ͼ7,000 nucleotides in the in vitro DNA synthesis assay), whereas without PF-8, Pol-8 can incorporate only several nucleotides. This study also shows that PF-8 cannot increase the processivity of the DNA polymerases of HSV-1 or HHV-6, nor can the processivity factors of HSV-1 or HHV-6 increase the processivity of Pol-8. Thus, even though herpesvirus processivity factors do have a degree of sequence homology and might form similar structures, they appear to be specific for their own DNA polymerases. Assuming that the functional interaction between Pol-8 and PF-8 is required for actual viral DNA replication in vivo, as has been suggested for the DNA polymerases and processivity factors of other herpesviruses (10, 16, 24) , targeted disruption of this interaction by specifically designed inhibitors could lead to an effective antiviral strategy.
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